Interleukin-10 (IL-10) is a promising candidate for the treatment of inflammatory bowel disease. Intragastric administration of Lactococcus lactis genetically modified to secrete IL-10 in situ in the intestine was shown to be effective in healing and preventing chronic colitis in mice. However, its use in humans is hindered by the sensitivity of L. lactis to freeze-drying and its poor survival in the gastrointestinal tract. We expressed the trehalose synthesizing genes from Escherichia coli under control of the nisin-inducible promoter in L. lactis. Induced cells accumulated intracellular trehalose and retained nearly 100% viability after freeze-drying, together with a markedly prolonged shelf life. Remarkably, cells producing trehalose were resistant to bile, and their viability in human gastric juice was enhanced. None of these effects were seen with exogenously added trehalose. Trehalose accumulation did not interfere with IL-10 secretion or with therapeutic efficacy in murine colitis. The newly acquired properties should enable a larger proportion of the administered bacteria to reach the gastrointestinal tract in a bioactive form, providing a means for more effective mucosal delivery of therapeutics.
The growing knowledge of the biochemistry of the human body has led to the development of many new biologicals for the treatment of a variety of diseases. However, in contrast to traditional synthetic compounds, the bioavailability of many of these new drugs following oral administration is too low to induce a clinical response. This is mainly related to their high susceptibility to proteolysis within the intestine. Therefore, there is a need for oral delivery methods that can circumvent these obstacles. Previously, we genetically modified Lactococcus lactis as an effective vehicle for oral delivery of bioactive proteins to treat inflammatory bowel disease (7, 35, 41) .
Because impairment of interleukin-10 (IL-10) function is involved in the pathogenesis of inflammatory bowel disease (25, 34) , this cytokine is a promising candidate for treatment of Crohn's disease (CD) (42) . However, administering IL-10 systemically to CD patients has not been clinically effective (14, 32, 33, 37) . Local delivery of IL-10 by L. lactis, which results in high therapeutic concentrations at the site of inflammation, is a promising therapeutic approach (35, 41) . For application in humans, a biologically contained L. lactis strain secreting human IL-10 (hIL-10) (36) was developed and evaluated as a treatment for CD patients (7) . This phase I, open-label clinical trial demonstrated for the first time that treatment of humans with L. lactis secreting hIL-10 is clinically safe and biologically contained and that it is a realistic therapeutic option. Because reduced viability in the human gastrointestinal (GI) tract is a problem inherent in the use of L. lactis as a delivery vehicle (23, 43) , an oral pharmacological formulation was developed for this clinical study (20) . Although this formulation, based on freeze-drying (9) , protects L. lactis from the detrimental GI environment, it also significantly reduces viability of L. lactis (20, 38) . The addition of cryoprotectants and compatible solutes before freeze-drying has been reported to improve viability, but the effect remained marginal (38) . Trehalose is a nonreducing disaccharide frequently used as an externally added cryoprotectant. It is commonly produced by fungi, as well as by some bacterial species, plants, and animals (13) . Trehalose levels have been shown to correlate very well with cellular stress resistance, e.g., in Saccharomyces cerevisiae (4) . Escherichia coli and Pseudomonas putida were shown to fully withstand vacuum drying at 30°C, but only when trehalose was present both inside and outside the cell (16) . Also for Lactobacillus acidophilus, the recovery after freeze-drying and storage at 37°C was markedly increased in the presence of 30% trehalose (10) . Survival of Lactobacillus acidophilus after several freezing and thawing cycles in the presence of trehalose was shown to depend for the larger part upon its internalization (12). Carvalho et al. reviewed the relevant factors, among which was the presence of trehalose, for the preparation of freeze-dried lactic acid bacteria (LAB) (8) . Their main conclusion is that optimum protocols vary widely between species and even between strains. Largely the same conclusion was reached in a recent review also exploring other preservation methods and strains other than LAB (30) . Blast analysis of E. coli otsA and otsB genes (22) with the complete genome sequence of L. lactis subsp. lactis IL-1403 (6) revealed no evidence for a trehalose biosynthesis pathway in L. lactis. Here, we demonstrate that trehalose production can be induced in genetically modified L. lactis and that the resulting trehalose accumulation leads to nearly 100% viability following prolonged storage in a freeze-dried form. We further report that trehalose accumulation is responsible for resistance to bile and enhanced viability in human gastric juice and that it does not interfere with the therapeutic efficacy of L. lactis secreting IL-10.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used in the present study are listed in Table 1 . Bacteria were routinely grown as standing cultures at 30°C in M17 broth (Difco, Detroit, MI) supplemented with 0.5% glucose and 5 g/ml chloramphenicol when appropriate (GM17C). Stock suspensions of L. lactis strains were stored at Ϫ20°C in 50% glycerol in GM17C.
Plasmid pT1hIL10v1 contains the coding region of mature hIL-10 fused to the lactococcal usp45 secretion leader (40) , preceded by the coliphage T7 gene 10-ribosome binding site and the lactococcal P1 promoter (44) . The sequence of the hIL10v1 coding region is a synthetic one, adapted to the preferred codon usage in L. lactis (15) and with an alanine residue replacing the proline that is in the first position in the mature native hIL-10 (36).
Plasmid constructions. DNA sequences encoding the trehalose biosynthesis genes in E. coli were retrieved from GenBank (accession no. X69160) (22) . E. coli strain DH5␣ was the source of the trehalose biosynthesis genes otsA and otsB, encoding trehalose-6-phosphate synthase and trehalose-6-phosphate phosphatase, respectively. Genomic DNA was purified with a QIAGEN DNeasy kit (Hilden, Germany). The DNA sequence encompassing the otsBA genes, together with primer sequences containing suitable restriction sites for insertion into pNZ8048, were PCR amplified with Vent DNA polymerase (New England Biolabs, Ipswich, MA). The amplified 2,216-bp DNA fragment contained a 5Ј NcoI site overlapping the ATG start codon of the otsB cistron. An XbaI site was introduced downstream of the otsA cistron. Insertion of this NcoI-XbaI fragment into pNZ8048 yielded plasmid pTre1, in which the coding sequence of otsB is fused in frame with the initiator ATG of the nisA ribosome binding site. The region encompassing the nisA promoter, the nisA ribosome binding site, and the junction of the initiator ATG with the otsB cistron, was verified by DNA sequencing.
To construct pTre1hIL10v1, we first used Vent DNA polymerase and pT1hIL10v1 as template to amplify the hIL-10 expression cassette with primers containing 5Ј and 3Ј SpeI restriction sites. The amplified 796-bp DNA fragment was digested with SpeI and ligated into XbaI-opened pTre1. The orientation of the insert was verified by DNA sequencing. Functional maps of the lactococcal expression plasmids are depicted in Fig. 1 . L. lactis was transformed by electroporation as previously described (45) .
Intracellular trehalose quantification. The concentration of trehalose was determined in an enzymatic colorimetric assay by converting trehalose to glucose with trehalase and then measuring the glucose (39) . After induction, cells were collected by centrifugation. In order to avoid interference of residual glucose from the medium during the enzymatic trehalose assay, care was taken to completely remove the supernatant from the tubes. The cells were lysed with lysozyme (5 mg/ml) and mutanolysin (100 U/ml) in 0.25 M Na 2 CO 3 for 1 h at 37°C and for 20 min at 95°C. Cell debris was removed by centrifugation. The supernatant was combined with a 0.5 volume of 1 M acetic acid and a 0.5 volume of a buffer consisting of 300 mM sodium acetate and 30 mM CaCl 2 (pH 5.5). The mixture was incubated for 2 h at 37°C in the presence of trehalase. Following centrifugation, the supernatant was supplemented with Trinder reagent (glucose oxidase, phenol, and 4-aminophenazone; Dialab, Vienna, Austria) and incubated with shaking for 15 min at 30°C, after which the optical density at 505 nm was automatically recorded in a 96-well VersaMax Tunable Microplate Reader (Molecular Devices, Sunnyvale, CA). Trehalose concentrations were read from a calibration curve obtained with pure trehalose (Sigma, St. Louis, MO); the optical density at 505 nm and trehalose concentration are linearly correlated up to 5 mM trehalose.
Freeze-drying L. lactis cultures. Bacteria were collected by centrifugation, resuspended in the original volume of 10% (wt/vol) skim milk (Difco), and kept on ice until they were freeze-dried as previously described (20) . The vials containing freeze-dried L. lactis cultures were stored under different conditions: low or high temperature (8°C or 25°C) and low or high relative humidity (RH). Ten percent RH was reached by opening the vials and placing them above silica gel for desiccation in a closed container. Sixty percent RH was reached by placing the open vials above a saturated sodium bromide solution.
Viability determination. Viability of bacteria after freeze-drying and after storage was determined as previously described (20) . Bacteria were resuspended in sterile water supplemented with oxgall (Difco) or human gastric juice (postoperative samples with a pH of 1.69 and 2.95), and viability was determined by plating. All dilution series were plated in duplicate on GM17C agar plates and incubated for 24 h at 30°C before colonies were counted (CFU).
hIL-10 quantification. A sandwich enzyme-linked immunosorbent assay was used to quantify hIL-10 in reconstituted freeze-dried L. lactis powder. hIL-10 was captured from the medium by immobilized polyclonal rat anti-hIL-10 antibody (BD Pharmingen, Franklin Lakes, NJ), quantified by an anti-hIL-10 biotincoupled rat monoclonal antibody (BD Pharmingen), and revealed with horse-FIG. 1. Functional maps of the L. lactis expression plasmids. PnisA, inducible nisA promoter; mcs, multiple cloning site; T, transcription terminator; repC and repA, replication genes; cm, chloramphenicol resistance gene; P1, lactococcal constitutive promoter; usp45, lactococcal secretion leader; hIL10v1, human interleukin-10 gene v1; ermA and ermM, erythromycin resistance genes; otsB, trehalose-6-phosphate phosphatase gene; otsA, trehalose-6-phosphate synthase gene. 
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radish peroxidase-coupled streptavidin (BD Pharmingen) and TMB (3,3Ј,5,5Ј-tetramethylbenzidine) substrate (BD Pharmingen). Animals. Female BALB/c mice 11 weeks of age were obtained from Charles River Laboratories Italia S.r.l. (Calco, Italy). They were housed in a specificpathogen-free animal facility and fed standard laboratory feed and tap water ad libitum. The animal studies were approved by the Ethics Committee of the Department for Molecular Biomedical Research, Ghent University (file no. 04/02).
Induction of chronic colitis by DSS. Chronic colitis was induced with dextran sodium sulfate (DSS) as previously described (24, 31) . Briefly, mice of 15 weeks and weighing approximately 21 g were given 5% DSS (40 kDa; Applichem, Darmstadt, Germany) as drinking water for 7 days, followed by 10 days of normal drinking water. This cycle was repeated four times. On day 21 after the fourth cycle, the daily intragastric administration of 2 ϫ 10 9 CFU of L. lactis began for 14 days, as previously described (35) .
Histological analysis. The colon was removed, cleaned, and opened longitudinally. A segment of 1 cm was taken from the distal part of the colon, embedded in paraffin, and sectioned longitudinally. Three sections of 4 m were cut at 200-m intervals and stained with hematoxylin and eosin. Colon sections were numbered randomly and interpreted semiquantitatively in a blinded manner. The histological score is the sum of the epithelial damage and lymphoid infiltration, each ranging from 0 to 4, as previously described (24) .
Statistical analysis. Data were statistically analyzed with SPSS 12.0 for Windows (SPPS Inc., Chicago, IL). All viability data are expressed as the means Ϯ standard deviations (SDs). Freeze-drying experiments were performed in duplicate unless stated otherwise. The viability of freeze-dried cells of noninduced L. lactis NZ9000(pTre1) and induced NZ9000(pTre1) was normally distributed (Shapiro-Wilk test). Differences were analyzed by a two-sided, unequal variance, independent samples t test where n 1 ϭ n 2 , which renders the independent samples t test insensitive to unequal variances and avoids inflated type I error.
Histological scores, expressed as means Ϯ standard errors of the means, are normally distributed (Shapiro-Wilk test). They were analyzed by one-way analysis of variance followed by a Bonferroni multiple comparisons post hoc test.
RESULTS AND DISCUSSION
Heterologous expression of the otsBA operon in L. lactis NZ9000. In E. coli the synthesis of trehalose is a two-step process. In the first step, catalyzed by trehalose-6-phosphate synthase (OtsA), trehalose-6-phosphate is synthesized from UDP glucose and glucose-6-phosphate. In the second step, trehalose-6-phosphate is dephosphorylated by trehalose-6-phosphate phosphatase (OtsB). We cloned the E. coli otsBA trehalose biosynthesis operon (22) under control of the nisininducible promoter in pNZ8048 (26) to produce plasmid pTre1. To evaluate inducible expression of otsA and otsB, an overnight culture of L. lactis NZ9000(pTre1) was diluted 100-fold in GM17C medium and further incubated at 30°C. After 3 h, when the culture reached the logarithmic phase, the cells were resuspended in the original volume of BM9 medium (35) supplemented with chloramphenicol. Nisin was added to a final concentration of 0.4 g/ml, and the cultures (induced and noninduced) were further incubated at 30°C for up to 48 h. At several time points, culture samples were taken, and cell fractions were collected, lysed, and subsequently analyzed for protein expression. Following sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Coomassie blue staining of total cell lysates, two additional protein bands, whose molecular masses of 53.6 kDa and 29.1 kDa are in agreement with those of OtsA and OtsB, respectively, were revealed in the induced culture ( Fig. 2A) . From the intensities of the protein bands, it is apparent that overall protein synthesis of nisin-treated NZ9000(pTre1) was severely affected soon after induction. Comparative growth curves showed that NZ9000(pTre1) cultures virtually stopped growing as soon as 3 h after the addition of nisin. Noninduced cultures displayed essentially similar growth rates as the controls, i.e., plasmid-free NZ9000 or NZ9000(pNZ8048), with or without nisin (data not shown). In order to remedy this problem, we set up several pregrowth and induction regimes (data not shown), finally resulting in an optimized protocol, in which growth inhibition was minimal. To this end, the bacteria were grown overnight as standing cultures at 30°C in GM17C. Saturated cultures were diluted threefold with fresh medium containing 0.4 g/ml nisin and further incubated at 30°C with orbital shaking at 200 rpm for 3 h, at which point saturation was reached. The OtsA and OtsB enzymes were functional in L. lactis, as evidenced by intracellular accumulation of trehalose with a tendency to peak at approximately 50 mg/g of wet cell weight after 2 to 3 h of nisin addition (Fig. 2B) .
Intracellular trehalose accumulation in L. lactis is essential for nearly 100% viability after freeze-drying. Because trehalose is frequently used as a cryoprotectant to improve viability after freeze-drying, we also evaluated the impact of exogenously supplied trehalose on the viability of L. lactis. Before freeze-drying, cells were collected by centrifugation, resuspended in 10% skim milk, which is the most commonly used freeze-drying matrix for LAB (9) , and freeze-dried as previously described (20) . After cells were freeze-dried, the viability of noninduced NZ9000(pTre1) was 56.7% Ϯ 9.6% (n ϭ 18), whereas that of induced NZ9000(pTre1) was markedly higher at 94.0% Ϯ 14.2% (n ϭ 18). Moreover, even in the absence of skim milk, the viability of induced on September 7, 2017 by guest http://aem.asm.org/ Downloaded from NZ9000(pTre1) cells remained at nearly 100%, whereas the viability of noninduced NZ9000(pTre1) cells dropped to 20%. Furthermore, the absence of glucose during the logarithmic phase growth of induced NZ9000(pTre1) resulted in a substantially lower intracellular trehalose concentration (4.2 mg/g Ϯ 0.06 mg/g) and, consequently, in decreased viability after freeze-drying (61.6% Ϯ 1.9%), demonstrating that the intracellular accumulation of trehalose mediates the protective effect. It was shown that the extracellular addition of up to 3.5% trehalose before freeze-drying significantly increased the viability of E. coli (27) . Duong et al. recently reported that a 1-h preincubation at 37°C in the presence of either 20% or 10% trehalose allowed Lactobacillus acidophilus to retain full CFU count after 12 and 6 cycles, respectively, of repeated freezing and thawing (12) . They further showed that not only the internalization of trehalose via a phosphotransferase system but also its subsequent hydrolysis by a trehalose-6-phosphate hydrolase (treC) contributes to the observed protection. Extracellular addition of trehalose (7%) to noninduced NZ9000(pTre1) cells before freeze-drying or during logarithmic growth (0.5%) did not improve their viability. Andersson et al. characterized a novel metabolic pathway for trehalose utilization in L. lactis subsp. lactis, involving the enzymes trehalose-6-phosphate phosphorylase and ␤-phosphoglucomutase (1). In a later study including 40 LAB strains, they reported that the trehalose-6-phosphate phosphorylase/␤-phosphoglucomutase pathway is crucial for trehalose utilization in all examined L. lactis strains, including the L. lactis subsp. cremoris strain MG1363 (3). According to the genome sequence of L. lactis subsp. lactis IL-1403 (6) both genes are part of a trehalose utilization operon which further encompasses predicted genes for a transcriptional regulator and two trehalosespecific components of a phosphotransferase system (2). There is no evidence for a treC gene as present in Lactobacillus acidophilus. Possibly, the difference between Lactobacillus acidophilus and L. lactis in catabolic pathways of internalized trehalose contributes to the observed difference in cryoprotection offered by external trehalose. Obviously, both strains would have to be compared under identical experimental conditions in order to further substantiate this possibility. When noninduced NZ9000(pTre1) cells were grown to saturation with trehalose as the sole carbon source, we could not detect intracellular trehalose in the cells. Our results suggest that only de novo trehalose synthesis by L. lactis in the presence of glucose can yield internal trehalose levels sufficient to sustain almost full viability after freeze-drying. Viability of trehalose-accumulating freeze-dried L. lactis after prolonged storage. A pharmacological formulation should not only maintain high viability after freeze-drying but also have an acceptable shelf life. Induced NZ9000(pTre1) and noninduced NZ9000(pTre1) freeze-dried cells were tested for stability after storage under various conditions of temperature and RH. To compare viability data after storage, relative viability was calculated as a function of viability directly after freeze-drying, since this viability was batch dependent. In all tested conditions, induced NZ9000(pTre1) cells had a longer shelf life than noninduced NZ9000(pTre1) cells. When stored at 8°C and 10% RH, induced NZ9000(pTre1) cells retained almost 100% viability for at least 1 month (Table 2) .
Intracellular trehalose accumulation increases resistance of freeze-dried L. lactis to bile. Survival in the human GI tract is one of the more important considerations in L. lactis-mediated delivery of therapeutic proteins (35) . Resistance to bile is an important criterion in selecting probiotic strains, and numerous studies have shown that this is highly strain specific (5). L. lactis strains are not only in the very low range of bile resistance, but they are also very sensitive to gastric acidity. Following oral administration of L. lactis subsp. cremoris MG1363, only 1% of the inoculum was recovered alive in the terminal ileum of humans (43) . Incorporation of freeze-dried L. lactis in enteric-coated capsules (20) designed to release their contents at near neutral pH in the small intestine can ensure safe transit through the stomach and duodenum, but this does not avoid contact with detrimental bile concentrations in the ileum. In the search for probiotic strains, the influence of GI secretions on survival has been studied in LAB species obtained from the intestine and from other sources (21, 28) . None of these studies considered viable recovery of freeze-dried cells upon rehydration in the presence of bile salts or at very low pH. Therefore, we examined the ability of induced NZ9000(pTre1) freeze-dried cells to withstand bile salts. We used oxgall concentrations of 0.13%, 0.33%, and 0.67%, which correspond to physiological bile concentrations in the human terminal ileum, jejunum, and duodenum, respectively (19) . Noninduced NZ9000(pTre1) cells with or without 7% extracellular trehalose added before freeze-drying showed a similar, bile concentration-dependent drop in viability that was essentially complete within minutes after resuspension. Exposure of noninduced NZ9000(pTre1) freeze-dried cells to 0.13%, 0.33%, and 0.67% oxgall reduced their viability to 60.6%, 49.4%, and 29.1%, respectively (Fig. 3) . On the other hand, induced NZ9000(pTre1) cells maintained 100% viability in all tested oxgall concentrations during the 4-h incubation period. In conclusion, the acquired resistance to bile toxicity was absolutely dependent on intracellular accumulation of trehalose before the freeze-drying step. Because trehalose-accumulating bacteria acquire full resistance to high concentrations of bile, it becomes possible to release bacteria secreting a therapeutic agent in the upper part of the small intestine. This new feature also enables a larger proportion of the administered bacteria to reach their target in a bioactive form, providing a more effective mucosal delivery of therapeutics. a Viability (mean Ϯ SD) after storage was calculated as a percentage of the viability of the culture directly after freeze-drying (relative viability).
b Significant difference between viability of noninduced NZ9000(Tre1) and induced NZ9000(Tre1) cells after storage with P values of Ͻ0.05 (n ϭ 3).
c Significant difference between viability of noninduced NZ9000(Tre1) and induced NZ9000(Tre1) cells after storage with P values of Ͻ0.005 (n ϭ 3).
d Significant difference between viability of noninduced NZ9000(Tre1) and induced NZ9000(Tre1) cells after storage with P values of Ͻ0.0005 (n ϭ 3).
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Intracellular trehalose accumulation enhances gastric acid resistance of freeze-dried L. lactis. Besides bile salts, gastric acidity also markedly influences the viability of L. lactis during passage through the GI tract. To evaluate acid resistance, we rehydrated freeze-dried cells in the presence of different concentrations of human gastric juice. Not unexpectedly, both noninduced NZ9000(pTre1) and induced NZ9000(pTre1) cells suffered a dramatic reduction in viability in 75% gastric juice (Fig. 4) . At intermediate concentrations, the viability of induced NZ9000(pTre1) cells was about 10 times higher than that of the control (59.5% versus 5.5%, respectively, in 25% gastric juice and 43.9% versus 3.8%, respectively, in 50% gastric juice). These data show that internal trehalose accumulation also partially protects freeze-dried L. lactis against the high acidity of human gastric juice. Although accumulation of trehalose provided little protection during a 30-min in vitro incubation in 75% human gastric juice, existing evidence suggests that the in vivo survival in the stomach could possibly be improved by an appropriate administration protocol. For example, administration of L. lactis subsp. lactis IL-1403 together with food was shown to increase the organism's survival in the rat stomach about 15-fold (11) . Because trehalose accumulation can ensure safe transit of L. lactis through the stomach and duodenum, this bacterium may be amenable to pharmacological formulations other than enteric-coated capsules.
Intracellular trehalose accumulation in L. lactis does not interfere with IL-10 secretion after freeze-drying and rehydration. The major goal of the present study is optimization of the L. lactis-based topical delivery of therapeutics to the intestinal mucosa. In order to determine whether induced NZ9000(pTre1) freeze-dried cells retain their capacity to secrete IL-10 following rehydration, we cloned the expression cassette for hIL-10 in plasmid pTre1 and transformed the new plasmid into L. lactis. The resulting strain, L. lactis NZ9000(pTre1hIL10v1), allowed nisin-inducible intracellular accumulation of trehalose and constitutive expression of hIL-10 under control of the lactococcal P1 promoter (44) . As expected, NZ9000(pTre1hIL10v1) cells retained nearly 100% viability after freeze-drying (data not shown). Next we compared the hIL-10 secreting capacity of nisin-induced NZ9000(pTre1hIL10v1) cells to that of MG1363(pT1hIL10v1) cells (Fig. 5) . Upon rehydration of the freeze-dried cultures, secretion of hIL-10 started immediately and reached a maximum after 6 h of incubation at 37°C in both strains. When expressed as the amount of IL-10 per CFU recovered after freeze-drying and rehydration, both strains secreted almost equal amounts of hIL-10 in the reconstituted medium. Thus, accumulation of trehalose before freeze-drying had no influence on the hIL-10 secretory capacity of L. lactis after freeze-drying.
Therapeutic efficacy of trehalose-accumulating L. lactis secreting IL-10 against murine colitis is maintained. To investigate whether intracellular trehalose accumulation influences   FIG. 4 . Viability of freeze-dried L. lactis strains after human gastric juice challenge. Viability (mean Ϯ SD) was calculated as a percentage of the viability of the cultures before freeze-drying. Freeze-dried cells [noninduced NZ9000(pTre1)and induced NZ9000(pTre1)] were incubated for 30 min at 37°C in 25%, 50%, or 75% human gastric juice (pH 2.95). Statistically significant differences between the viability of induced NZ9000(pTre1) and noninduced NZ9000(pTre1) cells are indicated as follows: * , P Ͻ 0.05; ** , P Ͻ 0.005; and *** , P Ͻ 0.001. These data are representative for the data obtained from the second experiment with gastric juice of pH 1.69.
FIG. 5. Secretion of hIL-10 by MG1363(pT1hIL10v1) and nisininduced NZ9000(pTre1hIL10v1) cells after freeze-drying. Freezedried cells were reconstituted with a solution consisting of 25 mM Na 2 CO 3 , 25 mM NaHCO 3 , and 0.5% glucose. hIL-10 production (mean Ϯ SD) is expressed as ng/10 9 CFU.
FIG. 3.
Viability of freeze-dried L. lactis strains after bile challenge. Viability (mean Ϯ SD) was calculated as a percentage of the viability of the cultures before freeze-drying. Freeze-dried cells [induced NZ9000(pTre1), noninduced NZ9000(pTre1), and noninduced NZ9000(pTre1) cells supplemented with 7% extracellular trehalose before freeze-drying] were incubated for 4 h at 37°C in 0.13%, 0.33%, or 0.67% oxgall, respectively. Statistically significant differences between the viability of induced NZ9000(pTre1) and noninduced NZ9000(pTre1) cells ( * , P Ͻ 0.05; ** , P Ͻ 0.01) and of induced NZ9000(pTre1) and noninduced NZ9000(pTre1) cells supplemented with 7% exogenous trehalose ( †, P Ͻ 0.05) are indicated.
7698
TERMONT ET AL. APPL. ENVIRON. MICROBIOL.
the therapeutic effect of IL-10 delivered by L. lactis, we used a model for chronic colitis induced by DSS (24, 31) . Mice with chronic DSS-induced colitis were treated daily and examined as previously described (35) . Healthy control mice (n ϭ 10) received normal drinking water throughout the experiment and had a histological score of 1.1 Ϯ 0.2 (Fig. 6 ). Mock-treated animals (n ϭ 9) received BM9 medium daily, which resulted in a histological score of 5.5 Ϯ 0.6. L. lactis-treated groups received daily intragastric inocula of induced NZ9000(pTre1) (n ϭ 9), noninduced NZ9000(pTre1hIL10v1) (n ϭ 9), or induced NZ9000(pTre1hIL10v1) (n ϭ 10) cells resuspended in BM9 medium. The induced NZ9000(pTre1) control group had a histological score of 5.9 Ϯ 0.5. The histological scores of the groups treated with induced or noninduced NZ9000 (pTre1hIL10v1) cells were 3.3 Ϯ 0.4 and 4.1 Ϯ 0.3, representing a reduction in inflammation to, respectively, 56% and 69% of the control group treated with induced NZ9000(pTre1). Therefore, IL-10-producing L. lactis cells that had accumulated trehalose maintained essentially the same curative effect on DSS-induced colitis as found after treatment with trehalose-free bacteria. Concluding remarks. Intracellular trehalose accumulation enabled 100% recovery of freeze-dried viable L. lactis cells, even in the absence of skim milk, a commonly used but bulky cryoprotectant. Remarkably, the cells acquired full resistance to physiological concentrations of bile as well as a 10-fold stronger protection against gastric juice. Trehalose accumulation did not interfere with IL-10 secretion or with the therapeutic efficacy of L. lactis secreting IL-10 as a treatment for murine colitis. The work presented here paves the way for improvement and diversification of pharmacological formulations for human therapy with live genetically modified L. lactis. It should in principle also be applicable to other bacterial species with health-promoting properties. 
